ABSTRACT This study examined in posthatch chicks the partition of yolk utilization between transport to the circulation and secretion to the intestine and determined absorption and plasma concentrations of some metabolites. The presence of feed in the gastrointestinal tract enhanced yolk secretion to the small intestines.
INTRODUCTION
At hatch, a chick weighs approximately 45 g with a yolk sac of approximately 8 g. This yolk is internalized into the abdominal cavity during the last days of incubation. (Noble and Ogunyemi, 1989; Romanoff, 1960) . Yolk at this time comprises approximately 50% lipids that are mainly acylglycerides. During embryonic development and through hatch, yolk lipids are directly transported to the circulation by endocytosis (Lambson, 1970) . Following internalization close to hatch, yolk is also transported through the yolk stalk to the small intestine (Esteban et al., 1991) . Thus posthatch two routes of yolk utilization are available . In the immediate posthatch period yolk is used for maintenance (Anthony et al., 1989) and for intestinal growth (Noy and Sklan, 1999a) .
Following hatch under practical conditions, feed is often offered only 48 h or more posthatch, and, during this time, body weight decreases mainly due to yolk usage (Noy and Sklan, 1999a) . Access to nutrients initiates growth some 24 h postingestion, and early access to feed results in more rapid intestinal development in the immediate posthatch period. The growth advantage obtained by early feeding is maintained through market age, and 2001 Poultry Science Association, Inc. Received for publication November 29, 2000. Accepted for publication May 26, 2001. 1 To whom correspondence should be addressed: sklan@agri.huji. ac.il. 
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intake. Oleic acid uptake was high at hatch and changed little with age. Increased intake of lipids depressed the percentage oleic acid absorption.
Plasma concentrations of glucose, Na, phospholipids, and nonesterified fatty acids did not change with age. Triiodothyronine and triglyceride concentrations increased with age in the plasma of fed chicks but decreased during feed deprivation. Feed intake stimulated posthatch secretion of yolk to the small intestines and triggered uptake mechanisms for hydrophilic compounds.
the percentage of breast muscle is also enhanced (Noy and Sklan, 1999b; Halevy et al., 2000) .
Once exogenous feed intake commences, chicks must undergo metabolic adaptations from yolk dependence to intestinal nutrient uptake using exogenous carbohydrate and protein-rich feed. Absorption processes must be able to transfer the required quantitites of nutrients to the circulation. In situ studies close to hatch have indicated that uptake of glucose and methionine is low and that absorption of protein and carbohydrates increases in the immediate posthatch period (Noy and Sklan, 1999b; Sulistiyanto et al., 1999) . This paper examines the changes occurring in yolk utilization and uptake of nutrients as affected by feeding of the posthatch chick.
MATERIALS AND METHODS
The following labeled compounds were obtained from 
Chicks
Male chicks (Ross × Ross) were taken immediately following hatch, defined as the time when birds completely cleared the shell, and were transported to the facility within 40 min. All procedures were approved by the Animal Care and Welfare Committee of our institute.
Abbreviation Key: GIT = gastrointestinal tract; NEFA = nonesterified fatty acids; PL = phospholipids; TG = triglycerides; T3 = triiodothyronine. Provided vitamins and minerals as previously described (Uni et al., 1995) .
Yolk Secretion
To determine the proportion of yolk transported by different routes inulin [ 14 C]-carboxylic acid (0.1 µCi in 0.05 mL of 0.9% NaCl) was injected into the contents of the yolk sac at a point close to the navel, as previously described . Five birds were injected at the times stated in each experiment. Blood was taken by intracardiac puncture into a heparinized syringe, and plasma was separated. The gastrointestinal tract (GIT) was excised. The gizzard, upper small intestine (pylorus to attachment of yolk sac), and lower small intestine (attachment of yolk sac to ileal junction) were removed, and contents were washed with cold 0.15 M NaCl into scintillation vials.
In Vivo Absorption Trials
In vivo absorption was determined in three different trials. In Trial 1, chicks were fed starter feed that met or exceeded NRC (1994) requirements (Table 1 , diet with 4% fat) and water was provided ad libitum within 1 h of hatch (Fed), or chicks were not presented with feed or water for 48 (held) or 96 (feed-deprived) h. After these periods, all chicks had access to feed and water. Blood was taken from five chicks, at the times stated, by intracardiac puncture into a heparinized syringe, and plasma was separated.
In Trial 2, absorption of oleic acid was determined in five chicks gavaged with 5, 100, or 400 mg soybean oil within 1 h of hatch. Trial 3 determined absorption of oleic acid in chicks fed different levels of fat as shown in Table  1 at 2 and 4 d posthatch. Five chicks were examined at each time.
In vivo absorption was determined as previously described (Noy and Sklan, 1999b) . In brief, chicks were administered a dose of 0.5 to 0.7 µCi Digesta were obtained by flushing the gizzard, duodenum (from the pylorus to the distal point of entry of the bile ducts), jejunum (Meckel's Diverticulum marked the end of the jejunum), ileum (the ileocaecal junction marked the end of the ileum), and the ceca with cold 0.15 M NaCl. Absorption was then determined from the change in the ratio of the labeled probe molecule to the nonabsorbed reference substance between the dose and the terminal ileum. Means from five birds were used per data point.
Chemical Analyses
Radioactivity was measured by liquid scintillation with quench correction determined by using internal standards of 3 H, 14 C, and 141 Ce (Sklan et al., 1978) . Na was determined by flame photometry, and glucose was determined with a glucose HK kit.
4 Triglycerides (TG), phospholipids (PL), and nonesterified fatty acids (NEFA) were determined by gas chromatography with internal standards of triheptadecanoin, heptadecanoic acid, and diheptadecanoylphosphatidyl choline as previously described (Noy and Sklan, 1998) . Triiodothyronine (T3) was determined by radioimmunoassay in plasma samples, by using a kit; 5 T3 was characterized by intraassay variation of 5.0 to 5.9%. The DPC kit was previously validated for domestic fowl (Yahav et al., 1998) .
Statistics
Least-squares means of results are presented after analysis of variance as a split plot with time by using the general linear models procedures of SAS software (SAS Institute, 1986) . Differences between means were tested with t-tests between each pair, and significance was P < 0.05 unless otherwise stated.
RESULTS
After injection of labeled marker into the yolk, label was determined in the GIT and plasma after 30 min. Chicks with access to feed had significantly more label in the intestine when injected at 24 and 48 h posthatch as compared to birds without access to feed. In contrast, chicks without feed had higher proportions of label in plasma, in particular at 48 h posthatch (Figure 1) .
In vivo ileal absorption of glucose, methionine, and oleic acid was determined using 20 mM solutions at hatch and at 2 and 4 d posthatch (Figure 2) . Glucose absorption at hatch was less then 50%. At 2 d posthatch, glucose absorption in chicks that had no access to feed was 56%, and in fed birds absorption was slightly higher at 61%. At 4 d posthatch, chicks that had been without feed for 4 d had a glucose absorption of 59%, whereas glucose absorption in birds that had been without feed for 2 d was 76%, as compared with chicks with immediate access to feed where uptake was 80%. Methionine absorption at hatch was also low (43%). In 2-d-old chicks without access to feed methionine absorption increased to 58%, whereas fed birds had 62% uptake. At 4 d posthatch, methionine absorpion in chicks without access to feed was 59% as compared to 73% in chicks that were without access to feed for 2 d. Absorption of methionine in chicks with immediate access to feed at 4 d was 75%. In contrast to glucose and methionine, oleic acid uptake was significantly higher from hatch and throughout in all groups, and uptake of oleic acid at hatch was close to 80%. At 2 d posthatch the oleic acid uptake in fed and unfed chicks was 80 to 81% and remained there at 4 d posthatch. Splitplot analysis of variance indicated that the effects of age and treatment and the interaction between them were significant for glucose and methionine but not for oleic acid uptake. Oleic acid uptake was also determined in chicks receiving increasing amounts of oleic acid at and after hatch as shown in Figure 3 . The percentage absorption at hatch was highest when uptake was from 0.5 mg oil (82%) and this decreased with increasing amounts of oleic acid to 66% when 400 mg were intubated. Oleic acid absorption in chicks at 2 and 4 days of age ingesting feed with fat levels of 4, 7 and 11% showed a similar trend with the percentage absorption with the high fat diet decreasing from 82 to 72% at 2 d and to 68% at 4 d posthatch (Figure 3) .
Changes in blood components through 5 d in fed and unfed posthatch chicks indicated that T3 concentrations in the plasma of fed birds were significantly affected by age and access to feed, and an interaction was found between these effects. Glucose, Na, PL and NEFA concen-FIGURE 2. Absorption of glucose, methionine and oleic acid was determined using a bolus of labeled substrate in 20 mM solution and 141 Ce at hatch (0) and at 2 and 4 d posthatch in chicks without access to feed (not fed), without access to feed until 48 h posthatch (held), and with immediate access to feed (fed). Results are means, and bars are SD of five replicates per data point. The effects of age and treatment and the age × treatment interaction were significant (P < 0.001) for glucose and methionine uptake but not for oleic acid (OA) uptake. At hatch, labeled oleic acid was gavaged with 5, 100, or 400 mg soybean oil (left panel). At 2 and 4 d, absorption was determined in chicks that had received feeds containing 4, 7, or 11% fat, mainly from soybean oil. Results are means, and bars are SD of five replicates per data point. Fat in the diet reduced absorption significantly (P < 0.004), whereas age had no significant effect.
trations did not change with age and were not influenced by feed intake. TG concentrations increased with age and were influenced by access to feed, and the interaction tended toward significance.
DISCUSSION
This study shows that partitioning of yolk utilization in posthatch chicks between transport to the circulation and to the small intestine is affected by the presence of feed. During the embryonic development, transfer of nutrients from the yolk is directly to the circulation by endocytosis (Lambson, 1970) . However, close to hatch yolk is also transported to the intestine through the yolk stalk (Esteban et al., 199l; . Previous studies indicated that once reaching the intestine, antiperistaltic movements transfer the digesta proximally toward the gizzard (Esteban et al., 1991) . These intestinal movements resulted in increased amounts of yolk content in the proximal small intestine after hatching (Noy and Sklan, 1998) . In previous work, the turnover of yolk in fed chicks was more rapid then in chicks without access to feed . This effect can also be inferred from studies reporting yolk size following feeding in poults (Moran and Reinhart, 1980) and in earlier work with chicks (Heywang and Jull, 1930; Bierer and Eleazer, 1966) . The observation of Murakami et al. (1992) that yolk is absorbed independent of feed intake does not contradict these findings. This study indicates that in the presence of feed the major route of yolk utilization is via the yolk stalk into small intestine. In contrast, in chicks held for 48 h without feed and water, the intestines appear to be empty, and quantitative confirmation is provided by the tracer studies. The lack of transport to the intestine becomes more pronounced with time posthatch, and thus, yolk is apparently used primarily by the circulatory route in birds without access to feed. Studies have reported that the presence of solid nutrients as well as non-nutritious bulk appeared to stimulate growth posthatch (Noy and Sklan, 1999a) . It seems that the appearance of exogenous material in the GIT stimulates release of yolk through the yolk stalk. In addition, the peristaltic movements of the intestine may also enhance yolk secretion into the intestine. Furthermore, the presence of bulk within the intestine increases the physical pressure within the abdominal cavity on the yolk sac, which would also enhance secretion. These points require further clarification.
Transition to intestinal use of feed nutrients involves development of mechanisms for initial uptake of exogenous proteins and carbohydrates. In previous studies, we indicated that in vivo absorption of oleic acid was high at hatch, whereas absorption of methionine and glucose was low (Noy and Sklan, 1999a) . High uptake of lipids as compared to low digestion of protein and carbohydrates was also observed in digestion studies by Sulistiyanto et al. (1999) . We attributed the low uptake of hydro-philic compounds to the presence of hydrophobic yolk that inhibited uptake of compounds such as glucose and methionine. In addition, it is possible that luminal concentrations of sodium are low and that this sodium is required for activity of co-transporters and the sodiumpotassium pump (Noy and Sklan, 1999a; Sklan and Noy, 2000) . In this study we have extended these determinations to examine the effect of lack of access to feed on absorption close to hatch. As previously observed, methionine and glucose uptake at hatch was low and increased with feeding and with age. The increase in absorption levels of glucose and methionine was, however, more rapid in fed chicks compared to chicks without access to feed until 48 h posthatch. However, the effect of lack of access to feed for 48 h on absorption of glucose and methionine had disappeared by 4 d. An increase in absorption of hydrophilic compounds was found in 2-and 4-d-old birds with no access to feed as compared to newly hatched chicks. This increase may occur because these chicks at 2 and 4 d have little hydrophobic yolk in the intestine, as the major route of yolk utilization prior to feed intake is via circulation. In addition, these birds have not yet ingested exogenous sodium and may thus lack this component of the co-transporter system. In comparison, fed birds no longer have a highly hydrophobic mileau in the intestine due to the intake of feed, and, in addition, they have sufficient sodium to drive the cotransporters and the sodium-potassium pump that are required for enhanced uptake (Sklan and Noy, 2000) . In sharp contrast to these water-soluble compounds, oleic acid uptake was high at hatch and did not change significantly with age.
Previous studies have indicated that uptake of glucose and methionine is a saturable process . In this trial, use of 20 mM solutions of glucose and methionine suggested that absorption was not high at this concentration. However, because oleic acid uptake was high at this concentration, we examined whether there was a decline in uptake as concentration increased. This procedure was by using intubations of increasing amounts of lipids at hatch and by feeding birds with varying levels of fats. At hatch, increased lipid intake decreased the percentage uptake, although absolute absorption increased. A similar decrease in percentage oleic acid absorption was observed at 2 and 4 d posthatch when diets with up to 11% fat were fed. These results may help clarify previous suggestions that chicks at hatch had low lipid absorption (Krogdahl, 1985) . Studies using high levels of tallow and hydrogenated vegetable oil sources reported that these fats were not well absorbed even in adult birds (Renner, 1965; Sklan et al. 1973) . Additional studies indicated that addition of bile acids and lecithin to posthatch diets enhanced lipid uptake (Carew et al., 1972; Polin and Hussein, 1982) . However, even during the late embryonic stage of development and through hatching, lipid digestion mechanisms are active because yolk lipids are being utilized from the intestine . Lipid uptake may be saturable as indicated in this study, but uptake capacity is much higher than for glucose and methionine close to hatch. Thus absorption of yolk-like fats (long-chain mono-and polyunsaturated fatty acids) appears to be much more efficient then that of hydrophilic materials close to hatch. It appears that the presence of feed may be acting as a triggering mechanism for the maturation process of uptake of glucose and methionine posthatch.
The supply of metabolic precursors would be expected to influence plasma concentrations. We, therefore, examined changes in several blood metabolites close to hatch as influenced by feeding status. Chicks without access to feed had low plasma T 3 concentrations. It has been previously established that a significant linear correlation exists between plasma T 3 concentration and feed intake (Klandorf and Harvey, 1985; Yahav et al., 1996 Yahav et al., , 1998 . The main effect of T 3 in homeotherms is to stimulate oxidative metabolism, i.e., metabolic rate (Capaso et al., 1999; Matsumura et al., 1992) . Therefore, as expected in fed birds, metabolic activity is higher and utilization of metabolic fuels, i.e., glucose and free fatty acids would be expected to increase. However, gluconeogenesis appears to be sufficient, even in the unfed chicks, to maintain constant plasma glucose concentrations. In addition, plasma sodium levels were well regulated even in birds without access to feed. Plasma phospholipid and NEFA levels changed little with age, whereas TG levels increased. This parameter increased more slowly in chicks without access to feed, which could be explained by a lower supply (from yolk) or more rapid utilization of plasma triglycerides for energy.
Thus, posthatch chicks maintain metabolic functions by the use of yolk via circulation. Following ingestion of feed, yolk is also secreted to, and absorbed from, the intestine, and uptake mechanisms for hydrophilic compounds are induced.
